Abstract. Halophytes are a small group of plants able to tolerate saline soils whose salt concentrations can reach those found in ocean waters and beyond. Since most plants, including many of our crops, are unable to survive salt concentrations one sixth those in seawater (about 80 mM NaCl), the tolerance of halophytes to salt has academic and economic importance. In 2009 the COST Action Putting halophytes to work -from genes to ecosystems was established and it was from contributions to a conference held at the Leibniz University, Hannover, Germany, in 2012 that this Special Issue has been produced. The 17 contributions cover the fundamentals of salt tolerance and aspects of the biochemistry and physiology of tolerance in the context of advancing the development of salt-tolerant crops.
It has long been known that some plants are salt tolerant (see for example Waisel 1972) , but it was not the early twentieth century that halophytes were defined -as plants that are exposed at least during a period of their life to salt concentrations that the majority of plants will not survive (Stocker 1928) . Since then there have been various attempts to refine what we understand as halophytes. For example, Braun-Blanquet (1931) , categorised halophytes as oligo-, meso-and euhalophytes dependent upon their salinity tolerance: obligate (eu-) halophytes depend on salinity, semi obligate (meso-) halophytes show improved growth rate in presence of salt and oligo-halophytes show improved performance in the absence of salt but survive salt concentrations toxic for most plants. Chapman (1942) characterised the coastal vegetation of the United Kingdom by the salt concentration of the soil water phase, defining halophytes as plants that are able to complete their life cycle in the presence of salt concentrations exceeding 0.5% NaCl (~86 mM). He suggested the term euhalophytes be restricted to those plants whose optimal growth takes place in an environment in which there is more than 0.5% NaCl; miohalophytes he defined as those plants that are to be found, either commonly or rarely, in habitats where there is more than 0.5% NaCl. Since Chapman's (1942) review a variety of definitions and schemes of classification have been published (see, Breckle 2002 ; for further discussion) with Flowers and Colmer (2008) increasing the (arbitrary) dividing line between halophytes and glycophytes to 200 mM NaCl. While the concept of salt tolerance in plants is clear, definitions remain problematic because of the variety of environments in which salttolerant plants grow.
Progress in understanding how halophytes can grow in salt water has also been slow to develop, but by the early part of the twentieth century it was clear that osmotic adjustment was important to salt tolerance. Schimper (1898) had argued that salt prevents plants from taking up water and predicted that salinity should lead to a reduced transpiration rate. However, by the early part of the twentieth century, there was controversy as Stocker (1925) , in experiments with Aster tripolium and Salicornia herbacea, and Montfort (1926) and Branderup (1927a, 1927b) , analysing salt marshes on the coastline of the Baltic Sea, could not find the reduced transpiration rate predicted by Schimper. Montfort and Branderup (1927b) also pointed out that cellular physiology needed to receive more attention. Subsequently, various ecological studies confirmed high concentrations of salts in the cells of halophytes (e.g. Berger-Landfeld 1933; Montfort 1937; Pampe 1940; Steiner 1934 Steiner , 1939 . Thus during the midtwentieth century it became clear that the osmotic pressure within cells was high enough to allow water uptake even in a saline environment.
It was as part of the analyses of osmotic pressures that organic components of cell sap were first measured. Early studies were restricted to sugars and organic acids (see, for example , Steiner 1939; Steiner and Eschrich 1958) , but as analytical techniques improved a range of biochemical components were implicated in salt tolerance (e.g. Storey and Wyn Jones 1975; see, Flowers Troke et al. 1977) . Since the early 1980s techniques have continued to develop, along with greater knowledge of the cellular basis of salt tolerance (e.g. Greenway and Munns 1980; Flowers Hajibagheri et al. 1986) . We now know there are just a few thousand of the quarter of a million plant species that can survive in about one sixth the concentration of sodium and chloride found in seawater (Aronson 1989; Menzel and Lieth 2003) and only a few hundred (Flowers Galal et al. 2010) that can survive seawater salt concentrations (around 500 mM NaCl).
Since most of our crops are quite salt sensitive, agriculture has to compete with domestic and industrial use for fresh water, which is likely to become an increasingly valuable commodity in the future. Changes in the global climate are predicted to increase variability in weather patterns and enhance drought in some regions, with an attendant need for providing water for plant growth. Consequently, any savings of fresh water that can be made by utilising salt water, which is available in abundance, could make a valuable contribution to future agriculture. It was with the aim of improving our understanding of salt tolerance in plants that a COST Action on 'Putting halophytes to workfrom genes to ecosystems' was established in 2009 as a basis for enabling the use of saline water in agriculture. Part of that process was to investigate the 'Proteomics, genetics, bioinformatics and metabolomics of halophytes'. The papers in this Special Issue of Functional Plant Biology were presented at a conference funded by COST and held at the Leibniz University, Hannover, Germany, in 2012; they address major aspects of the biochemistry of salt-tolerant plants.
Cheeseman (2013) addresses the complexity of the adaptations to salinity in halophytes in terms of seven plant functions that have to be integrated in a halophyte (Cheeseman 2013 ; fig. 1 ). His conclusion is that new 'omic' approaches should provide a greater understanding of the complexities of the response, providing the data are not gathered from experiments involving sudden, often lethal, shock: a critical component of resolving these adaptations will be improving our understanding of the nature of the cytosol and the activities of ions within it. Two following papers address changes in the proteomes of halophytes in response to salt. Kosová et al. (2013) compare differences observed in salt response of closely related species that differ in salt resistance. The two most important results of this study are: (i) salt-resistant plants display an enhanced constitutive expression of several salt-responsive genes, and (ii) they show few salinity-related disturbances in energy metabolism. Koyro et al. (2013) compared proteomic data of experiments applying different salt concentrations to halophytes. Results indicate that increased cellular metabolite concentrations (proline, for instance) are generally not directly related to the abundance of enzymes of the last steps of their catalytic pathways. In cases where plants showed optimal growth rates at moderate salt concentrations, proteins could be identified showing corresponding patterns of optimal abundance at the salt concentration optimal for plant performance. An important conclusion was that keeping structural integrity of the cytosol is of high importance for optimal plant growth.
The biochemistry of halophytes and differences from glycophytes is considered in four papers. Gil et al. (2013) ask 'Are soluble carbohydrates ecologically relevant for salt tolerance in halophytes?' and highlight problems in unequivocally attributing a biological role to soluble carbohydrates in the salt tolerance mechanisms of particular species. Soluble carbohydrates not only have roles in the osmotic balance, but are key metabolites and signalling molecules with a "wide variability in the responses to salt stress observed in different species, without any clear, quantitative or qualitative general patterns of accumulation of specific sugars or polyalcohols". They question whether the results of laboratory experiments can be extrapolated to the field and advocate more effort in analysis of plant collected from their natural habitats. Bartels and Dinakar (2013) focus on comparing physiological traits of halophytes and glycophytes. They tabulate differences between Arabidopsis and Thellungiella related to photosynthesis, sodium fluxes, metabolic and transcript changes, and antioxidant enzymes. Their arguments are based on the observation that since halophytes have evolved in many taxons differing in metabolism and physiology, it may be expected that these plants differ in their strategies to adapt to high salt concentrations. Identification of these strategies may lead to a better understanding of the phenomenon of salinity tolerance, and allow more efficient approaches to improve salinity tolerance of crops. Ozgur et al. (2013) develop the importance of antioxidant systems in discussing reactive oxygen species: regulation and antioxidant defence in halophytes. They describe recent advances in the acclimation of halophytes to reactive oxygen species and discuss their role in signalling and in the response of halophytes to salt, again highlighting the role of 'omic' approaches to the study of the complex relationships among antioxidants and their functions in halophytes. Kranner and Seal (2013) include in their analysis of salt stress, signalling and redox control in seeds, salt effects on the mother plant and implications for seed development. They introduce a three-phase (alarm, resistance and exhaustion) model to explain stress in seeds and discuss the implications of redox control for future research on salt-stress biology of seeds. Many of the proposed approaches may be applied to halophyte research in general.
The importance of ion homeostasis is developed in two contributions. Ahmed et al. (2013) report optimal growth of the halophytic grass Aeluropus lagopoides to occur at relatively low (26 mM) salt concentration: increasing salt decreased growth, and photosynthesis. A decrease in transpiration helped to minimise Na + uptake and this, together with increased secretion from salt glands and the upregulation of membrane transport proteins (V-NHX and PM-NHX), enabled A. lagopoides to compartmentalise Na + at salinities up to 373 mM NaCl and maintain K + homeostasis to this external salt concentration. The importance of K + homeostasis in the response of plants to salinity and waterlogging is reviewed by Barrett-Lennard and Shabala (2013) . Waterlogging generally exacerbates the effects of salinity on growth through its effects on ion uptake. Comparisons across glycophytes and halophytes show that hypoxia, with its low partial pressures of O 2 , increases Na + and Cl -concentrations and decreases K + concentrations in shoots of plants growing in saline conditions. Using data in the literature from 22 species, they conclude that decreases in growth are not only due to increases in Na + and Cl -, but also to decreases in K + concentrations. The reasons for the decrease in K + (reduced uptake or increased efflux) need further investigation, especially since, in contrast to mammalian systems, almost nothing is known about the effects of the partial pressure of oxygen on plant ion channels.
Water-logging is just one of the other stresses that can affect halophytes and Hamed et al. (2013) have reviewed literature on halophyte responses to simultaneously occurring stresses. They give special attention to the interaction of salinity with drought, vi Functional Plant Biology B. Huchzermeyer and T. Flowers heavy metal and nutrient deficiencies. A second topic of their review was to analyse pretreatment of halophytes with one stressor and subsequently observe responses to a second stress event. They found that the response to multiple stresses does not reflect an additive effect. Moreover, pretreatment at an early stage of development with one type of stress improves stress tolerance to salt at a later period of plant growth. English and Colmer (2013) report the extreme tolerance of two halophytes found around salt lakes in Australia. T. pergranulata subsp. pergranulata occupies more saline sites than T. indica subsp. bidens, but both species can tolerate 2 M NaCl in glasshouse experiments where the plants were grown in well drained sand. Both species were able to maintain adequate K + concentrations, and the use of C 4 photosynthesis by T. indica may be part of an explanation for its location in drier areas than T. pergranulata, which uses the C 3 pathway.
Continuing the theme of tolerance to multiple stresses, Redondo-Gómez (2013) reviewed the literature on the accumulation of heavy metals in the genus Spartina, most species of which are salt tolerant. She compared data on 10 of 18 species and found that on average heavy metal concentrations were lower in above-ground than below-ground tissues and in the surrounding medium. However, below-ground tissues of S. maritima and S. alterniflora had higher Cd, Cu and Zn concentrations than those in the soil. Some species (e.g. S. argentinensis, S. densiflora, S. densiflora, S. maritima) accumulate significant concentrations of heavy metals and are possible candidates for use in phytoremediation. Duarte et al. (2013) analysed heavy metal tolerance of halophytes in two salt marshes in Portugal with a view to using halophytes as bio-indicators of heavy metal contamination of estuaries. They concluded that S. maritima could be used as a potential bio-indicator of heavy metal contamination. Couto et al. (2013) analysed the heavy metal contents of Scirpus maritimus, S. maritima and Zostera noltii growing in a relatively unpolluted estuary and showed that because of the large areas occupied by these species they contributed significant quantities of heavy metals to the surrounding water body. Ruppel et al. (2013) review the adaptations to salinity seen in the Fungi, Bacteria and Archaea and note that while the microbiome of glycophytes has been well researched over the last 10 years, very little is known of the microbiome of halophytes. From the few studies available, specialised microorganisms appear to be associated with halophytes. Although the amount of data is small, their review suggests how microbes could influence response of halophytes to salinity, an area ripe for further research especially given the potential economic significance of halophytes (Rozema et al. 2013) . Buhmann and Papenbrock (2013) develop the ideas of using the secondary compounds present in halophytes as commercial products. They present an overview on strategies to use such compounds from halophytes, many of which are directly involved in stress tolerance by acting as antioxidants or compatible solutes. They observed that the abundance of such metabolites varies with growth conditions, so that defining the cultivation conditions optimal for production of these metabolites is important. Ventura et al. (2013) show that repeated harvesting of halophytes grown as a cash crop results in the development of chlorosis, which could be reduced by the correct formulation of added Fe as a nutrient. Their data highlight the importance of growth conditions -salinity and Fe supply -in optimising the production of any halophyte as a cash crop.
Halophytes represent a small and specialised group of plants able to tolerate not only the salinity that reduces crop yields in many of our agricultural systems (Munns and Tester 2008) , but also waterlogging and other environmental conditions (as evidenced in this Special Issue). As such halophytes offer a means to understand how plants can tolerate salt; an understanding that can be used in enhancing the salt tolerance of crops, a trait that is likely to be invaluable in a future hotter drier world with greater variations in weather than we currently experience. However, halophytes not only offer insights into the mechanisms of salt tolerance but practical means to address reclamation of salinised soils as well as their direct use in saline agriculture (Rozema and Flowers 2008; Rozema et al. 2013 ). As such they are plants with considerable potential and worthy of further investment.
